Background and purpose The systemic response after fracture is regulated by a complex mechanism involving numerous growth factors. In this study, we analyzed the kinetics of key growth factors following lower-limb long bone fracture.
Fracture healing is subject to regulation at different levels. A major part in this process depends on the ability of mesenchymal stem cells (MSCs) to proliferate and differentiate under the influence of biologically active molecules (i.e. growth factors) Giannoudis 2005, Pountos et al. 2006) . Growth factors have been detected in fracture callus in both animals and humans, and studies have shown that if they are applied locally, they enhance fracture consolidation (Bostrom et al. 1995 , Si et al. 1997 ).
It is currently believed that systemic signals trigger a physiological reaction-with direct influence, locally, at the fracture site (Bab et al. 1988 , Einhorn et al. 1990 ). This belief is based on the observation that an insufficient peripheral supply of growth factors and cytokines can lead to a low number of osteoblasts available at the fracture site, while administration of TGF-β has been found to induce an anabolic effect leading to increased bone density (Manolagas and Jilka 1995, Gazit et al. 1999) . In addition, the circulating level of key growth factors could be a predictive tool for early identification of potentially unsuccessful healing. This was reported by Zimmerman et al. (2005) , who found that early decline in the serum concentration of TGF-β is associated with delayed fracture healing.
It has been suggested that the systemic release of biologically active substances takes place in areas distant from the fracture site, as a result of the trauma sustained, and that it is not related to escape of these molecules from the fracture site (Zimmerman et al. 2005 ). This idea is further strengthened by our findings that reaming induces a substantial increase in the levels of growth factors locally, with no change in their levels in the peripheral circulation .
Overall, a large number of growth factors and cytokines are known to be involved in bone-repair processes (Pountos et al. 2006 (Pountos et al. , 2010a . Among them, platelet-derived growth factor-BB (PDGF-BB), insulin growth factor-I (IGF-I), vascular endothelial growth factor (VEGF), and transforming growth factor β1 (TGF-β1) exert an upregulatory effect, particularly on the osteoprogenitor cells (Pountos et al. 2010a) . However, no studies have characterized and/or quantified the release of these molecular mediators following trauma. The aim of this study was therefore to obtain preliminary data on the kinetics of release of the above growth factors during the first week after fracture. Moreover, we wanted to determine whether patient demographics such as age, sex, and injury severity score (ISS) (Baker et al. 1974) influence the levels and the pattern of release of these molecules in the peripheral circulation.
Patients and methods
Between November 2010 and January 2011, adult patients admitted to our institution with lower-limb long bone fractures (tibia or femur) were invited to participate in this study. Approval for the study was obtained from the local ethics committee (ref. number Q1206/127). Exclusion criteria were pathological fractures, pediatric patients, use of steroids, previous radiotherapy, and patients with known metabolic bone disease or systemic inflammatory disease processes.
15 patients (9 men) were recruited in this study. Mean age was 34 (21-68) years. The most common mechanism of injury was a road traffic accident.
10 healthy volunteers (5 men) who did not suffer from a fracture or any known pathological condition and who did not take any medication on a regular basis were randomly selected, and they formed the control group. These control individuals were used to establish normal levels of the growth factors under study in the peripheral circulation, i.e. without any influence of trauma. The mean age of the controls was 34 (21-58) years.
Details such as patient demographics, mechanism of injury, ISS, associated injuries, length of hospital stay, and perioperative complications were recorded. Hemoglobin levels and blood and fluid administration during the preoperative, peroperative, and postoperative periods were also documented and analyzed. Following discharge from the hospital, all patients were followed up in the orthopedic outpatient clinic at regular intervals (6 weeks, and 3, 6, 9, and 12 months) for clinical and radiographic assessment of the injury in the affected limb.
Isolation and preparation of human serum 10 mL of peripheral venous blood was collected on admission, at induction, and on the first, third, fifth, and seventh postoperative day. All blood samples, excluding the one from admission, were collected early in the morning before drug administration and breakfast. The blood was collected into 10-mL vacutainer tubes without anticoagulant, and allowed to clot. It was processed within 2 h of collection and was kept on ice. The clotted blood was then centrifuged at 1,500 rpm for 10 min and the serum was taken. All serum was aliquoted in Eppendorf tubes and was stored in a -80°C freezer before use.
Measurement of growth factors
5 growth factors were evaluated, namely PDGF-BB, IGF-I, VEGF, and TGF-β1. Their levels were quantified using commercially available immunoassays (R&D systems, Abingdon, UK) according to the manufacturer's instructions. All measurements were performed in duplicate.
Statistics Assumption of normality was tested with a one-sample Kolmogorov-Smirnov test and data are expressed as mean or median accordingly. Parametric and nonparametric data were compared using the Student's t-test, Mann-Whitney U test, or ANOVA as appropriate. Pearson's correlation was used to define the degree of relationship between variables. The cutoff value for significance was p = 0.05.
Results

Controls
The mean levels of the growth factors studied in the 10 healthy volunteers were 4.7 (SD 2.2) ng/mL for PDGF-BB, 290 (SD 243) pg/mL for VEGF, 80 (SD 37) ng/mL for IGF-I, and 54 (SD 6.6) ng/mL for TGF-β1.
Patients
On admission, the circulating levels of PDGF-BB were 5-fold higher than in the control group (95% CI: 3.6-6.9). There was a decline in the levels of PDGF-BB, IGF-I, and TGF-β1 during the first 3 days after fracture, which was followed by a gradual increase (Figure 1 and 2) . The highest concentrations of PDGF-BB, VEGF, IGF-I, and TGF-β1 were noted at day 7 after surgery ( Figure 3) . VEGF levels remained unchanged during the first postoperative day and increased after the third postoperative day, with the highest concentration measured at the seventh postoperative day. At day 7, circulating VEGF levels were 4.4 times higher than the levels measured at admission (p < 0.001, 95% CI: 2.3-5.7). Comparing the admission levels of VEGF in patients with those in the control group, no statistically significant difference was noted.
IGF-I levels decreased during induction and continued to be low until the fifth postoperative day. On day 7 postoperatively, however, the IGF-I levels were 2.3 times higher than at admission (p = 0.001, 95% CI: 1.6-3). The levels of IGF-I in patients at admission were similar to those measured in the control group.
On the first postoperative day, PDGF-BB levels decreased sharply to 0.4 times those at admission (p < 0.001, 95% CI: 0.24-0.6), with a gradual increase thereafter. There was a statistically significant difference only for the levels obtained on day 7.
TGF-β1 levels declined significantly by a factor of 0.3 on induction (p < 0.05, 95% CI: 0.5-1) and they remained unal-tered until day 5. There was a statistically significant increase by day 7. Comparing levels of TGF-β1 in patients at admission to those in the control group, there was no significant difference (p > 0.05).
In all patients, the fractures had progressed uneventfully to union by a mean time of 16 (13-20) weeks. No statistically significant correlation was noted between the kinetics of levels of release of the 4 molecules studied and ISS score, age, or sex of the patients. A decrease in hemoglobin of 2.4 (0.4-4.2) g/L was noted from admission to the first postoperative day (p < 0.05). Similarly, a statistically significant increase in hemoglobin levels (mean 1.2 (-1.6 to 4.5) g/L) took place between day 1 and day 7 postoperatively (p < 0.05). Although the overall change in hemoglobin levels followed the same pattern as the growth factors, there was no statistically significant correlation between hemoglobin levels and PDGF-BB levels (r = 0.23, p = 0.4), VEGF levels (r = -0.02, p = 1.0), IGF-I levels (r = 0.14, p = 0.65), or TGF-β1 levels (r = 0.25, p = 0.37). Moreover, when we investigated the amount of blood transfusions and fluids that the patients had received for the 3 time points studied (preoperatively, peroperatively, and postoperatively), no correlation was found in the kinetics of the growth factors studied. In summary, we did not find any strong or statistically significant correlations between the levels of release of the 4 growth factors studied and patient age, ISS score, blood loss, or fluid administration.
Discussion
Growth factors play a major role in bone-repair processes (Dimitriou et al. 2005) . Among them, PDGF-BB has mito- genic and chemotactic effects on MSCs. It increases their proliferation rate and differentiation potential, and it also promotes vasculogenesis and angiogenesis (Pierce et al. 1991 , Bouletreau et al. 2002 , Fieldler et al. 2002 . VEGF is a key angiogenic element; it stimulates new vessel formation and increases microvascular permeability, with a direct effect on blood flow (Zelzer et al. 2002) . In addition, it stimulates fracture repair by angiogenesis and bone turnover (Street et al. 2002) . IGF-I has an anabolic effect on bone by upregulating the proliferation and differentiation of osteoblasts and osteocytes (Rosen and Donahue 1998) . Thus, it increases fracture union rates (Johansson et al. 1992 . TGF-β1 enhances the proliferation and differentiation of MSCs, promotes cartilage formation, and increases callus formation and bone strength (Bauer et al. 1998 , Barnes et al. 1999 .
The results of the present study indicate that key growth factors are released into the peripheral circulation after trauma, indicating that there is a generalized participation of the whole body in the healing of fractures. PDGF appears to be released very early after fracture, and the levels of release were found to be statistically significantly higher in the fracture patients than in the control group. Regarding the rest of the growth factors studied, their levels were statistically significantly increased at day 7 after surgery.
Our previous work showed that serum harvested at the time of surgery and on the first postoperative day had a poorer effect on the proliferation and osteogenic differentiation of MSCs than the serum obtained at admission and on the third and seventh postoperative day ). This finding is supported by the results of the present study, where an increase in the levels of the growth factors investigated was observed after day 3 and up to day 7 postoperatively. Combining the findings in our previous study with the current results, we can assume that the poor effect of human serum obtained on the first 3 days after fracture for in vitro proliferation and differentiation of MSCs can be attributed to the low content of circulating growth factors.
The decrease in the levels of the studied growth fractors noted on the first postoperative day is difficult to explain. One would expect that this finding should correlate with the blood loss and the dilution effect that the administration of blood and fluids might produce during surgery. However, no correlation was found with the drop in hemoglobin levels, the amount of fluids given, or the amount of blood transfusion that the patients received. Moreover, examination of patient demographics such as age, sex, and ISS failed to provide a robust association with the circulating levels and the pattern of release of these molecules in the peripheral circulation. The potential immunological burden and host defense mechanisms Figure 3 . The kinetics of growth factors in relation to the levels found in the normal volunteer group and to levels at admission. The levels of PDGF-BB, IGF-I, and TGF-β1 followed a similar trend, being either constant or reduced in the immediate postoperative period, and they increased gradually with the highest concentrations measured at day 7. (* p < 0.05). PDGF-BB levels in fracture group were statistically significantly higher than in the normal volunteers at all time points, and by day 7 all the growth factors in the fracture patients had reached the highest levels measured.
that can be induced by surgery could provide a possible explanation for this finding (Homburger and Meiler 2006, Nicholson and Hall 2011) . The impact of the anesthetic drugs administered during surgery could be another reason (Homburger and Meiler 2006, Nicholson and Hall 2011) . In addition, one should also consider the potential effect of the gene expression profile during fracture healing on the levels of release of the signaling molecules studied. It has been reported previously that PDGF is expressed during the first day after fracture and that expression subsides afterwards, while the expression of VEGF, IGF-I, and TGF-β1 begins at a later stage (Dimitriou et al. 2005) . Finally, another possible explanation for the fact that we did not find any correlation between ISS and circulating levels of the growth factors studied could be the low number of patients studied (type II statistical error). Even so, the strength of this study can be considered to be the possible use of our pilot data for the design of future studies aimed at further investigation of the patterns and levels of release of growth factors, and at evaluation of their potential as potential biomarkers of fracture-healing activity.
In the clinical setting, there has been extensive interest in the use of MSCs in the treatment of musculoskeletal disorders (Pountos et al. 2006 (Pountos et al. , 2007 . However, the low frequency of progenitor cell populations in bone marrow aspirates has led to various approaches to obtain large numbers of MSCs. In the laboratory, the use of growth factors that can exert an effect on the proliferation of MSCs has been shown to result in an increased number of MSCs (Pountos et al. 2010b) . Ex vivo expansion can lead to high numbers of MSCs, facilitating their re-implantation in the form of an injection or by loading them onto scaffolds for the treatment of non-unions or bone defects (Pountos et al. 2010b ). However, ex vivo expansion requires the culture of MSCs in medium containing serum. Fetal animal sera have mainly been used in this context, after heat inactivation of the serum, which destroys viral components and microorganisms (Pittenger et al. 1999 , Tuschong et al. 2002 . However, MSCs cultured in fetal calf serum carry fetal calf proteins in high amounts, and this can lead to immunogenic effects (Spees et al. 2004 ). In fact, immune reactions have been reported in cells cultured in fetal calf serum (Selvaggi et al. 1997 , Tuschong et al. 2002 . Moreover, the risk of transmission of diseases appears to be relatively low, but it cannot be excluded (Pountos et al. 2006 ). In addition, life-threatening arrhythmias during clinical application of MSCs for cardiomyoplasty appear to be avoided when human autologous serum is used instead of FCS (Chachques et al. 2004) . These data have forced researchers to develop serum-free medium or to use autologous serum for ex vivo expansion. Serum-free medium would seem to be the most appropriate approach, but it has not been fully explored. Based on our findings, we can propose that autologous serum harvested after the fifth day following fracture might be a better medium for expansion of MSCs due to its high content of molecular mediators (growth factors), which have a direct anabolic effect on MSCs (Dimitriou et al. 2005 ).
In conclusion, bone fracture and the associated physiological cascade of events trigger a systemic anabolic response leading to release of growth factors in the peripheral circulation. We have characterized the patterns and the levels of release of 4 molecular mediators known to contribute to bone-repair processes. A gradual increase in the levels of these molecules was observed over a 7-day period. Based on the present results, we recommend that if ex vivo expansion of MSCs is desirable, the ideal time point for isolation of autologous human serum is after the fifth day post-injury. Further studies with a larger number of patients are needed to determine whether any of these molecules could be used successfully as biomarkers for monitoring of the fracture-healing response.
